The rotational Zeeman effect in the J -> J' = 0 1 and 1 -»■ 2 rotational transitions has been observed for H-C = C -C = I4N, D-C = C -C = 14N, D -C = C -C = 15N, and H -C^C -C = 15N using a microwave bridge superheterodyne spectrometer. From the experimental <7±-values, susceptibility anisotropies and rotational constants, the molecular electric quadrupole moment, which plays an important role for collisional excitation and relaxation, follows as Q =2.14(9) x 10~26esu cm2 (referred to the center of mass of the H-C = C -C= 14N species).
Introduction
The first microwave spectroscopic study of HCCCN dates back to the years 1949 to 1950, when Westenberg and Bright Wilson jr. [1] investigated the J = 2 J = 3 rotational transitions of ten dif ferent isotropic species in the A'-band region. They also obtained a first value for the 14N-quadrupole coupling constant from the HFS splittings of the most abundant species and they got a first value for the molecular electric dipole moment from the Stark effect splittings in an exterior electric field.
When in 1971 Turner reported the observation of the J = 1 to J = 0 rotational emission line in the Sagittarius B2 galactic radio source [2] , radio astronomers and astrophysicists immediately be came interested in this molecule, and only five years later seventeen galactic sources were known [3] with the J = 1 to ./ = 0 transition in SgrB2, probably a weak maser. In 1978 Churchwell, Winnewisser and Walmsley [4] observed a strong emission signal of the 1 -* 0 transition from a small region of the Taurus molecular cloud 1, which, as they think, Reprint requests to Prof. Dr. D. H. Sutter, Institut für Physikalische Chemie der Universität Kiel. Olshausenstr."40. D-2300 Kiel. might be an example for star formation on a small scale.
Quite recently Dreizler and coworkers [5,5 a] have observed and analysed the Deuterium coupling in D -C = C -C = 15N and in D -C = C -C = I4N by means of the high sensitivity high resolution tech nique of microwave Fourier transform spectroscopy, and ab initio calculations of molecular properties of Cyanoacetylene and the higher Cyanopolyenes, car ried out on the (3-21 G)-and (6-31 G**)-levels, have been published by Ha and Nguyen [6] , The latter are ideally suited for comparison with precise microwave spectroscopic data.
In the following we report the results of a high resolution rotational Zeeman effect study [7, 8, 9] of Cyanoacetylene [10] . Such a study leads to the molecular value and the anisotropy of the molecular magnetic susceptibility tensor x±~ X ■ From those -via their theoretical expressions [11] -it is possible to derive the second moments of the electron charge distribution and the molecular electric quadrupole moment, quantities which can be used to probe the accuracy of quantum chemical ab initio wave functions in the outer regions of a molecule.
The knowledge of the molecular electric quadru pole moment is also of direct interest for the 0340-4811 / 84 / 1 100-1092 S 01.30/0. -Please order a reprint rather than making your own copy.
analysis and interpretation of collisional excitation and relaxation of rotational energy since it opensquite effectively [12] -A J = ± 2 relaxation chan nels.
Finally the strong magnetic field (about 2 Tesla) uncouples Deuterium spin and overall rotation. This leads to doublet splittings of the Zeeman satellites with intensity ratios 2 (Mx = ± 1 states) to 1 (A/j = 0 states). Since these splittings are essentially deter mined by the Deuterium quadrupole coupling con stant, it is possible to derive an independent value for the latter.
Measurements and Analysis of the Data
Cyanoacetylene and its isotopic species were prepared as described in [5] using Propynoic Acid Methylester as starting material. The samples were stored at liq. N2 temperatures. While the 'H-species appeared to be stable in our brass waveguide absorption cells, the absorption lines of the 2H-species dwindled at the beginning and became stable only after several fillings. Appearently a proton exchange occurs with water molecules ad sorbed at the wall. The decay indicates a lifetime on the order of minutes. In other words, every 106-th to 107-th wall collision leads to a proton (deuteron) exchange, and the appearent stability of the mole cule is better described as the steady state of the corresponding exchange reaction scheme.
The microwave bridge superheterodyne spectro graph [13, 14] and high field electromagnet [15, 16] used in this study have been described previously. Using the appropriate mixers and waveguide com ponents, the frequency range of the system was ex tended down to 7.5 GHz. The bridge itself consists of two identical /-band brass cells of 1.80 m effec tive length. The use of a POLARAD 1208e Klystron signal source as local oscillator slightly improved the signal to noise ratios. Typical recording condi tions were: pressures below 1 mTorr (0.12 Pa), cell temperatures about -5 0 °C, microwave power in the sample arm below 0.1 pW.
Unter these conditions linewidths of 40 to 55 kHz (full width at half height) were obtained. In Fig. 1 we give an example. The observed linewidths are essentially caused by Doppler-broadening, wall col lision broadening, and Stark-effect modulation broadening (7 kHz square wave modulation).
All Zeeman measurements were carried out at Fields close to 18.9-103 Gauß. To account for the longitudinal inhomogeneity of the magnetic field, the field profile was measured in every experiment and the average field value was used to analyse and simulate the spectra. This procedure is feasable since the spectra are essentially determined by the first order Zeeman effect [17] . The calibration un certainty of the Rawson Lush rotating coil Gauß-meter is on the order of 5 Gauß at 20 kG.
For the analysis of the spectra we have used the effective Hamiltonian quadrupole nuclei 4 fr = ^o t+ Z (1) i quadrupole quadrupole nuclei nuclei + z i i
In (1) is the standard rigid rotor Hamiltonian, äpQ j (/ = 1, 2), if applicable, are the nuclear quadru pole interaction Hamiltonians for up to two quadru pole nuclei (14N and 2H), are the nuclear Zeeman effect Hamiltonians for the quadrupole nuclei, 2fg and are the first and second order molecular Zeeman effect Hamiltonians, and are the spin-rotation Hamiltonians, which account for the interaction of the nuclear magnetic moments of the 2H or 14N nucleus with the intramolecular magnetic field produced by the overal rotation of the molecular charge distribution. The Hamiltonian matrix corresponding to (1) was set up in the uncoupled basis 7, Mj, / (.«N), A/rN), / (= H), MC .H)} etc. and was diagonalized numerically.
For the matrix elements the reader is referred to Appendix I of [18] , where the corresponding sym metric top matrix elements are listed. From those the linear rotor matrix elements are obtainable simply by setting ^= 0 . All matrix elements which are off-diagonal in J, were neglected. By a second order perturbation treatment their contribution may be estimated to be below 1 kHz, which is still small as compared to the resolution power of the spectro graph. To calculate relative intensities of the Zeeman satellites, the molecular electric dipole moment direction cosine matrix elements were sub jected to the unitary transformation corresponding to the diagonalization procedure described above. Table 5 , the nuclear ^[-values [27] , and the spin-rotation coupling constants [23] as described in the text. The two low intensity doublets at far right with intensity ratio l (M(D) = 0; left satellite) to 2 (M(D) = ± 1; right satel lite) are caused by the Deuterium nuclear quadrupole coupling.
Computer (i.e. 19 significant figures) was used throughout.
For the calculation of the zero field spectra we also used a separate program in which the Hamil tonian matrix is set up in a coupled basis. In a first step the overall angular momentum J is coupled to the 14N-spin / (uN) (if applicable) to form the inter mediate angular momentum F x and in a second step the 2H-spin (if applicable) is coupled to the inter mediate angular momentum to form the final overall angular momentum F. In Fig. 1 a the zero field lines of the D -C = C -C = I4N species are labelled with the quantum numbers F\, F which correspond to this coupling scheme. In Tables 1  through 4 we give the observed frequencies. They were used to fit the molecular parameters listed in Table 5 .
Derived Molecular Parameters
In the following we use the theoretical rigid rotor expressions for the # ±-values and the susceptibi lities / I and X\ t0 derive "experimental" values for the molecular electric quadrupole moment, the so called diamagnetic and paramagnetic susceptibi lities and the second moments of the electron charge distributions. As discussed in some detail in Chapt. II B of [9] , the results should come close to the cor responding vibrational ground state expectation values. For conveniance of the reader, the relevant expressions [11a, lib] are given below in (2) (4) The symbols have the following meaning mp proton mass, m electron mass, Zv atomic number of the v-th nucleus, Ix molecular moment of inertia about any axis perpendicular to the linear heavy atom chain and running through the center of mass, r v r-coordinate of the v-th nucleus (r-symmetry axis of the molecule), xe, yE, zc coordinates of the £-th electron, e elementary charge (proton charge), c velocity of Table 1 . Zeeman splittings observed for HCCC15N. v0 is the observed zero field frequency of the transition. vH is the frequency of the corresponding Zeeman-satellites designated by the Mj quantum numbers of the lower and upper state. The Zeeman splittings are calculated from the #x-value and susceptibility anisotropy given in Table 8 as described in the text. Spinrotation coupling was neglected. Relativ intensities are in arbitrary units. Table 2 . Zeeman spectra of DCCCI5N. The magnetic field effectively uncouples Deuterium spin and overall rotation i.e. the uncoupled basis J. Mj, I. Mj) gives excellent zeroth order wave functions. Thus J. Mj, and A/; are used to designate the states. Since the frequency of the incident radiation field is far above the NMR-resonance frequency, the molecules stay in their A// states, i.e. AM/ = 0 selection rule applies. However uncoupling of Deuterium spin and overall rotation is only approximate. This becomes appearent in the doublet splittings of M, = ± 1 satellites. Since the splitting is so close that the satellites cannot be resolved, their calculated average frequencies are used to fit the spectrum. The Zeeman split tings are calculated as described in the text from the g± -value and susceptibility anisotropy listed in Table 5 , the Deuterium quadrupole coupling constant given in Table 8 , and the Deuterium g/-value = 0.8574 [27] , Nuclear shielding was neglected. In the last column we give the differences between the observed line peak frequencies and the calculated "average frequencies". 
ledge of the equilibrium structure of the nuclear chain is required. Here we use Costains /^-structure [19] shown in Figure 2 . Deviations between the equilibrium distances and /-e-distances may be on the order of 0.005 Ä. This leads to the estimated uncertainties of 0.2 A2 in the sums X Z vz2, (first row in Table 7 ).) Table 3 . HCCC14N Zeeman splittings with respect to the hypothetical rigid rotor frequency. The latter is deduced from the zero field hyperfine pattern. As in DCCC'4N, albeit slightly less effective, the magnetic field tends to uncouple the spin of the quadrupole nucleus (here 14N) and the overall rotation. Therefore the limiting J-. Mr , and A/r values (here the index / refers to the ,4N spin) are used to designate the states. Due to the stronger 14N quadrupole coupling constant, the M /=± 1 doublet splittings are larger and in many cases they are well resolved. The satellite frequencies and intensity weighted average frequencies are calculated from the molecular parameters listed in Tables 5 and 8 as described in the text. For 14N, gj= 0.4036 was taken from [21] . Spin-rotation coupling and l4N nuclear shielding was neglected. In the last column we give the differences between the calculated satellite frequencies (or intensity weighted average fre quencies) and the observed peak frequencies. Table 4 . DCCC14N Zeeman splittings with respect to the hypothetical rigid rotor center frequency of the hyperfine pattern at zero field. The magnetic field effectively uncouples the spins of both quadrupole nuclei from the overall rotation (com pare also Tables 2 and 3 ) and the quantum numbers of the uncoupled representation /, A/y, / (D), M(D), / ("n)> A/(i4n>) are used to designate the state. In DCCCI4N spin-rotation coupling was included in the calculation (C(N)= 1.1(2) kHz, C(D) = _ 0-1(4) kHz taken from [23] . Abbreviations are as in Table 2 Second moments of the electron charge distribution ei electrons and diamagnetic and paramagnetic susceptibilities ~/f> = Ã --<o Z yi + zi o> electrons 2 m C2 <0 Z x] 0> = -------T -x , For the evaluation of these expressions and / must be known individually. Since the rotational Zeeman effect experiment only yields the suscepti bility anisotropy, additional information is re quired. As such independent information one usually takes the bulk susceptibility,^ = (/ + 2 / ±)/3. Un-H -C = C -C = N 1.057 1.205 1.378 1.159 Ä Fig. 2 . restructure of Cyanoacetylene [19] which was used to further evaluate the Zeeman data presented in Table 5 . The ^-distances typically agree within 0.005 A with the equilibrium distances. As r-axis of the molecular coordinate system we use the Cx axis of the equilibrium configura tion.
fortunately no experimental value for the bulk sus ceptibility of Cyanoacetylene is available at present, but in our opinion it is possible to estimate its value from the experimental value for Acetylene, /(H-oc-H) = _ 12.6 • IO-6 erg G~2 mole"1 , and from the changes that are observed when H -is replaced by -C =N in other molecules. In Table 6 we have listed some examples. All values are taken from ref. [20] . From Table 6 we note that, if the substitution takes place at an asymmetric frame, an increment of typically -10.3 • 10-6 erg G~2 mole-1 is observed. In such cases, however, the increment includes a positive "paramagnetic" contribution associated with electronic angular momentum per turbation sums. Due to the cylindrical symmetry such a paramagnetic contribution is not present in our case. Thus, as expected from the higher sym metry at the "sp?-hybridized" C-atom, the incre ment for the change from CH4 to CH3-C = N is considerably more negative and we take its value to extrapolate from H -C = C -H to H -C = C -C = N :
All derived molecular parameters in the lower part of Table 7 have been calculated with this extra polated bulk value. Since Cyanoacetylene has a rather large electric dipole moment of 3.724(3) D Table 5 . Rotational constants, molecular g±-values and molecular susceptibility anisotropies x l~ x f°r the vibronic ground state of the four isotopic species of Cyanoacetylene. x-Naphthonitrile c 10h vc n -103.3 -11.4 Naphthalene C,oH8 -91.9 /?-Naphthonitrile c ,nh 7c n -101.0 -9.1 Table 7 . Molecular vibronic ground state properties which may be derived (see (5) through (10)) from the experimental values listed in Table 5 , the /ystructure (Fig. 2) and the extrapolated value of -28.6 • 10~6erg G-2 mole"1 for the bulk susceptibility. An uncertainty of ± 2 units was assumed for this value for error propagation analysis of the final data.
Since /^-distances should be used in (2) through (10) [22], the molecular electric quadrupole moment depends on the origin of the reference system. For better comparison we have therefore also listed "corrected" molecular electric quadrupole moments, all referred to the location of the center of mass of the most abundant isotopic species.
Discussion
In the first section of our discussion we will briefly comment on the appearent discrepancy be tween the Deuterium quadrupole coupling constant determined here and the values derived earlier from the microwave Fourier transform experiments [5, 5 a] . We are convinced that the difference is mainly due to the fact that in the Fourier transform experi ment the line peaks of the power spectra were directly used to fit the coupling constant. Since in such a treatment the dispersion wings of closely neighboured lines are added before squaring, they tend to compensate in the region between the lines, thus producing the typical asymmetric line shapes shown in Fig. 1 of [5] . In this context it should be noted that the corresponding shifts of the peak fre quencies are more pronounced if the lines differ in intensity. A simulation shows that, even though the peaks appear to be perfectly separated, the observed splittings may be on the order of 10 kHz larger than the actual differences of the molecular resonance frequencies. This would account almost quantita tively for the difference in the reported constants. Actually the more detailed evaluation of the Fou rier transform spectra is further complicated through the phase shifts introduced by the time delay between the end of the exciting pulse and the start of data sampling.
Since Dreizler and coworkers are developing a considerably improved scheme for the evaluation of Fourier transform spectra of closely spaced multiplets, a very accurate value for the Deuteriumquadrupole coupling constant in Cyanoacetylene may be expected in the near future. It should also be noted in this context that recently Tack and Kukolich [23] have carried out a molecular beam electric resonance experiment on Cyanoacetylene. Their value for the Deuterium quadrupole coupling constant eQq = (203.5 ± 1.5) kHz coincides with our value within the experimental uncertainties.
We now turn to the comparison of the molecular parameters determined here with the corresponding ab initio SCF values calculated using (3-21 G) and (6-31 G**) basis sets [6] . We first note the good agreement between the molecular electric quadru pole moments: Q -2.199-10-26esucm2 ((3-21 G) basis set) and Q = 2.345 • 10-26esucm2 ((6-31 G**) basis set) as compared to our experimental value Q = (2.14 ± 0.09) • IO-26 esu cm2. A comparison of the second moments of the electron charge distribu tion, however, indicates that this agreement is pos sibly the result of a compensation of errors. With <0 I -v 2 0> = <0 X.v2 0) = 4.77 A2 ((3-21 G) ba-F . E sis set) and 4.69 A2 ((6-31 G**) basis set) these values are about 0.4 A2 larger than our value of 4.3 A2 Admittedly our value involves the estimate of the bulk susceptibility. But if we took (0 X -xl 0) = 4.77 A2 from the ab initio work and reversed the process of calculation, we would arrive at / = -40.47 • 10-6 erg G-2 mole-1 (see (9b)) and this value, if combined with the experimental value for the susceptibility anisotropy y l~ X =(11.95 + 0.08) • 10-6 erg G-2 mole-1 (average value over the four isotopic species, see Table 5 ) would lead to a bulk susceptibility of -32.52 • 10-6 erg G-2 mole-1. This would correspond to a H-/ -C = N replacement in crement of -19.92 -10 6 erg G 2 mole 1 for the step from H -C = C -H to H -C = C -C = N, rather than the increment of -16 • 10-6 erg G -2 mole-1 deduced from the molecular pair Methane/Acetonitrile.
Even though the CH3-frame still lacks perfect cylindrical symmetry, we Find it hard to believe that a paramagnetic contribution of +4 units should be present in the -C = N region of Acetonitrile. Such an effect would be of the same order as the ring current quenching effects observed in Fluorine sub stituted Benzenes and Pyridines [13, 24] , and this appears unlikely to us. We therefore suppose that the wavefunctions used to calculate (0 X -xl 0) the ab initio work possibly overemphasize the contribution of the outer part of the electron cloud by about 0.4 A2. An accurate experimental deter mination of the bulk susceptibility of Cyano acetylene would therefore be of great interest to settle this problem.
Finally we would like to comment briefly on the currently accepted value for the "nuclear quadru pole moment" of 14N. Q (14N) = 1.59 ■ 10-26 cm2 [25] . From the microwave data for the quadrupole coupling constants in H-C=N, < ? £></=(-4709 ± 1-3) kHz [26] and H -C = C -C = N. eQq = (4318.0 ± 0.1) kHz [23] , on the one hand, and from the ab initio SCF field gradients at the 14N nucleus reported in ref. [6] , on the other hand, (q (H -C = N) = 0.9742 atomic units and q (H -C = C -C = N) = 0.9064 atomic units) one obtaines quite consistently (9(14N) = 1.99 • 10-26cm2, which is very close to the old value of 2-10-26cm2 given in [27] , Of course, in view of our slight restraints with respect to the ab initio values for the second moments of the electron charge distribution, also the 14N nuclear quadrupole moment may still be open for discussion. We may note, however, that Ha himself, on the basis of further ab initio calculations on NH3 now favours a value of 1.95 • 10-26cm2 for 0 ( 14N) [28] ,
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